1. Identifying migratory connections across the annual cycle is important for studies of migrant ecology, 19 evolution, and conservation. While recent studies have demonstrated the utility of high-resolution SNP-based 20 genetic markers for identifying population-specific migratory patterns, the accuracy of this approach relative 21 to other intrinsic tagging techniques has not yet been assessed. 22 2. Here, using a straightforward application of Bayes' Rule, we develop a method for combining inferences 23 from high-resolution genetic markers, stable isotopes, and habitat suitability models, to spatially infer the 24 breeding origin of migrants captured anywhere along their migratory pathway. Using leave-one-out cross 25 validation, we compare the accuracy of this combined approach with the accuracy attained using each 26 source of data independently. 27 3. Our results indicate that when each method is considered in isolation, the accuracy of genetic assignments 28 far exceeded that of assignments based on stable isotopes or habitat suitability models. However, our joint 29 assignment method consistently resulted in small, but informative increases in accuracy and did help to 30 correct misassignments based on genetic data alone. We demonstrate the utility of the combined method by 31 identifying previously undetectable patterns in the timing of migration in a North American migratory songbird, 32 the Wilson's warbler. 33 4. Overall, our results support the idea that while genetic data provides the most accurate method for tracking 34 animals using intrinsic markers when each method is considered independently, there is value in combining 35 all three methods. The resulting methods are provided as part of a new computationally-efficient R-package, 36 GAIAH, allowing broad application of our statistical framework to other migratory animal systems.
stable isotope values provide an assessment of the breeding origin of a bird that is independent of a genetic assessment. 154 We expressed all isotope ratios in standard delta notation (d 2 H) where 155 d = isotope ratio of sample isotope ratio of standard 1, 156 with ratios shown as parts per thousand (‰) deviation from Vienna Standard Mean Ocean Water for hydrogen. Prior
Specifically, this approach assumes that y iso i , the isotope ratio measured in the feather of the i th bird, is a normal random 177 variable with mean and variance determined by its location in space. If these means and variances, denoted by the 178 matrices T (µ) and T (s 2 ) , respectively, were known across a regular grid of possible origin locations, then it would be 179 straightforward to compute the posterior probability of breeding location. Namely, assuming a uniform prior on spatial 180 origin, the posterior that bird i originated from the (r, c) th cell in the grid is proportional to the density of observing y iso i 181
given it was drawn from a normal density with mean T 
187
where P (µ) and P (s 2 ) are the predictions and associated variances, respectively, for the precipitation isotope ratios from 188 ISOMAP made on the same grid as e T (µ) and e T (s 2 ) ; J is a matrix of 1's of the same dimension as e T (s 2 ) ; R (s 2 ) ,ā, andb, 189 are determined by a parametric bootstrapping approach described in Appendix 1; and s 2 indiv is a term accounting for 190 individual variation in isotope ratios which was set to the square of the mean of the standard deviation of y iso i amongst 191 birds sampled at common locations across the breeding range during the breeding season.
192
Posterior probabilities derived in this manner for bird i are a set of values over a spatial grid denoted by the matrix, 194 195 In order for subspecies ranges to be further classified in terms of their utilization by breeding individuals, habitat those birds that were breeding (or at least were located on breeding grounds), we filtered the nearly 450,000 records of 202
Habitat Suitability
Wilson's warblers available to include only those sighted on or after June 10, but before August 1, of any given calender 203
year. To avoid redundant observations at the same site artificially influencing models, we used each unique geographic 204 location only once. The final dataset contained 9,984 unique locations of Wilson's warblers on breeding grounds. 205 We used the machine learning algorithm MAXENT (Phillips et al., 2006) were used for all MAXENT runs except for the following: clamping turned off, a maximum of 100,000 background 217 points selected, and 20% of data withheld for subsequent testing. In addition, both predictor response curves, as well as 218 jackknifing to assess variable importance, were created as part of the output.
219
Once final models were evaluated and found to converge on similar response curves and probability estimates, the mean 220 output ascii file was exported to ArcGIS and was clipped to the extent of the breeding range of Wilson's warbler, as 221 determined using digital range maps provided by NatureServe (www.natureserve.org , (Ridgely et al., 2005) ).
222
These final probability estimates were then downsampled in resolution to yield a raster M hab with the same extent and and M iso i for the i th bird, as well as a prior probability of occurrence of a Wilson's 226 warbler in any location, M hab . Treated as matrices of probabilities, these rasters can be combined using Bayes' rule to 227 obtain a combined estimate of probability of spatial origin for each bird. In order to explore weighting the different 228 sources of information (genetics, stable isotopes, and habitat) differently, we considered incorporating the parameter Each of the four panels shows the result using a different type of data. The first three ("Habitat alone," "Genetics Alone," and "Isotopes alone," show results for each data type applied separately.
"G = 1, I = 1, H = 1" shows the results from the combined approach with b iso = b hab = 1. Maps which showed
particularly strong examples of the combined approach are shown here, while maps for all 367 reference birds can be found in Supporting Information and to which we refer those interested in the variability in assignments across methods and individuals. In general, the maps support the idea that combining methods provides the most accurate assignment probabilities.
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previously published maps of the species distribution of Wilson's Warbler (for instance, probability of occurrence was 286 consistently <0.23 in regions outside of the species range, and habitat suitability generally identified regions that were 287 also found to harbor high abundance of Wilson's warblers according to previously published data (Status of Birds in From predictor response curves, we found that increases in precipitation in the coldest quarter (Bio19) and temperature 290 in the warmest month (Bio5) led to increases in the probability of Wilson's warbler occurrence, whereas increases in 291 temperature seasonality (Bio4) led to decreases in probability of occurrence (Fig. SX) . These relationships resulted in Overall, combining genetics, isotopes, and habitat suitability improved the inference of breeding origin of Wilson's 297 warblers. The posterior mean great circle distance between the true location and inferred location for nearly every bird 298 in the reference dataset was decreased by combining all three sources of data ( Figure 2) .
299
Of the three individual data sources, genetic data provided the most accurate localization of individuals, while isotope 300 assignments and the habitat suitability prior used alone resulted in significantly less accurate localization. There 301 were also significant differences in the accuracy of assignments of the reference birds to breeding location based 302 upon geographic region (Figure 3) : genetic assignments performed best in all regions; for birds originating from the 303 Pacific Northwest, the Sierras and the Rocky Mountains, more accurate assignments were achieved by using the prior 304 information from habitat suitability than using data on stable isotopes alone; and conversely isotope-only assignments 305 outperformed assignment using just the habitat suitability prior in Coastal California and the Eastern United States.
306

Example Data -Timing of migration in Pacific Northwest Wilson's warblers 307
In order to illustrate our combined approach on real-world migratory data, we calculated the posterior mean remaining 
Discussion
315
Tracking the origins of migratory animals using non-invasive, intrinsic marking techniques has been a particularly 316 challenging endeavor for movement ecologists. Here we develop a novel method for combining three independent data 317 sources (genetics, stable isotopes, and habitat suitability models) that improves upon the accuracy of each method when 318 used on its own. Using leave-one-out cross validation to compare the relative accuracy of each method independently, 319 we find that genetic data alone provides the most accurate estimation of the true origin of our reference birds, consistently 320 outperforming assignments based upon stable isotopes and habitat suitability models (Figure 1, Figure 3 ). Improvements 
327
(1) Accuracy of each data type relative to the combined approach by region 328 A comparison between the posterior mean great circle distances using each method alone conclusively demonstrates 329 that genetic-only assignments most closely approximate the true origin of birds in our reference sample (Figure 3 , 330 Figure 2 ). It is important to note that our analysis is based upon a single species and one might wonder whether our 331 results are limited to Wilson's warblers or whether they will be generalizable across other migratory systems. While 332 the accumulation of additional data is needed to more thoroughly answer this question, results from numerous other 333 molecular-based studies suggest that the increase in accuracy gained from using high-resolution genetic tags will have 334 wide utility for population assignment in migratory animals far beyond our single species application (Nielsen et al., where n`is the number of breeding birds sampled at`and`(i) is the set of their indices. Then, to create a parametric 478 bootstrap sample of the isotope data from the reference birds, at each`, n`values of y i were simulated from a normal 479 distribution with meanȳ isò and standard deviation s (`) . This bootstrap sample was then regressed as the dependent 
